The phase transitions and dynamical behavior of superlattices consisting of equal-thickness layers of a perovskite ferroelectric ͑KNbO 3 ͒ and a perovskite paraelectric ͑KTaO 3 ͒ are explored using molecular-dynamics simulation. We find that the response in the plane and in the modulation direction are essentially decoupled. The Curie temperature for the transition from a polarized to unpolarized state in the modulation direction decreases approximately linearly with modulation length, ⌳, for ⌳Ͼ12; for smaller modulation lengths, it is essentially constant. The Curie temperature in the plane appears to be only weakly modulation-length dependent. We relate our results to experimental findings on the same system.
I. INTRODUCTION
Although semiconductor and magnetic superlattices have long been exploited for their novel properties, attention has only recently focused on ferroelectric superlattices. While solid solutions involving ferroelectrics have already displayed interesting and technologically exploitable behaviors, the ability to systematically manipulate composition, layer thicknesses and misfit strain in heterostructures opens new possibilities for tailoring ferroelectric properties.
One type of superlattice receiving particular attention consists of alternating layers of a perovskite ferroelectric and a perovskite paraelectric. Two particularly important examples of these ferroelectric/paraelectrics superlattices are BaTiO 3 /SrTiO 3 1 and KNbO 3 /KTaO 3 ͑KNO/KTO͒; 2-4 the KNO/KTO system is the subject of this study. While their dielectric properties have not yet been characterized, Christen et al. 3 determined the Curie temperatures of KNO/KTO superlattices grown on KTO from the temperature dependence of the lattice parameters in the modulation direction. In particular, they found that for large modulation lengths, ⌳ ͑defined as the thickness of a KNO/KTO bilayer measured in unit cells͒, the Curie temperature, T C , decreases with decreasing ⌳ until, despite the absence of any intermixing at the interfaces, it reaches a constant value for ⌳Ͻ12 rather similar to that of the random solid solution. 3 Recently, we have used atomic-level simulation methods to explore in some detail the zero-temperature properties of KNO/KTO superlattices. 5, 6 We found that the in-plane ferroelectric behavior is essentially bulk like. However, the ferroelectric and dielectric behavior in the modulation direction was found to be determined not only by the intrinsic ferroelectric properties of the KNO layers, but also by the interaction between the ferroelectric KNO layers, mediated by the strong induced dielectric response of the intervening KTO layers. In this article we use molecular-dynamics ͑MD͒ simulation methods to heat the superlattices through the phase transitions into the paraelectric phase, thereby determining the phase behavior and dynamics of the phase transitions of these superlattices.
The rest of this article is organized as follows. In Sec. II we briefly summarize the salient features of the simulation setup and computational methods used. Our results on the phase transition and dynamical behavior of these superlattices are contained in Sec. III. In Sec. IV we work towards a phase diagram for the superlattices. Section V contains our concluding remarks.
II. SIMULATION METHODS
In this article we use the same atomic-level shell-model 7 description of KNO and KTO as in our previous study of the zero-temperature properties of these superlattices. 5, 6 Briefly, each ion is treated as a charged core and shell interacting with its neighbors through both Coulombic and empirical short-ranged interactions. 8 The core and shell of any ion interact with each other through an anharmonic spring, whose stiffness constants are a measure of the polarizability of the ion. Also, as in the previous study, we use the directsummation method 9 to calculate the Coulomb sums in a computationally efficient manner. Indeed, the only significant difference in methodology is that we now use finitetemperature molecular-dynamics simulation rather than zerotemperature atomic relaxation. To maintain the close connection with experiments on KNO/KTO superlattices and with our earlier simulations, we again simulate the effects of a KTO substrate. All of our simulations use a three-dimensionally periodic simulation cell and thus do not explicitly simulate the substrate or the free surface at the top of the superlattice. However, the effects of the substrate are incorporated by fixing the in-plane lattice parameters to those of perfect-crystal KTO at the same temperature, determined from independent simulations. The simulation cell consists of four alternating layers of KNO and KTO to form a repeating KNO/KTO/KNO/KTO structure. The lattice parameter in the modulation direction ͑the z direction͒ is not fixed, but is determined by maintaining zero stress using a Parrinello-Rahman approach. 10 In most of our simulations, we have used a simulation cell that is a 6ϫ6 unit-cell square in the x-y plane; by performing selected simulations with a 12ϫ12 simulation cell we have verified that the phase behavior is essentially independent of these in-plane dimensions.
III. PHASE BEHAVIOR AND DYNAMICAL PROPERTIES IN THE MODULATION DIRECTION
At zero temperature, an unstrained KNO single crystal has a rhombohedral structure with the polarization pointing along a ͗111͘ direction ͑i.e., the components of polarization in the three ͗001͘ directions are equal͒. By placing KNO in an ͗001͘ orientation on an ͓001͔ KTO substrate, the simulation imposes an in-plane compressive strain of ϳ0.8% ͑this is close to the experimental strain of 0.7%͒, which tends to decrease the polarization in the in-plane directions. This inplane compression is compensated by a corresponding expansion in the lattice parameter in the z direction, c, with a corresponding increase in the polarization in this direction. As a consequence, the KTO substrate breaks the Tϭ0 K rhombohedral symmetry of the KNO perfect crystal. We must therefore consider the in-plane behavior and the behavior in the modulation direction separately; in this section we examine the behavior in the modulation direction.
A. Phase behavior
In our earlier study of the zero-temperature properties of these superlattices, we delineated three regimes of behavior. 5, 6 For ⌳у24, due to the thick intervening KTO layers, the electric dipoles in a KNO layer have essentially no interaction with the electric dipoles in the neighboring KNO layers; this is the weak-coupling regime. For 12р⌳ Ͻ24, while the KNO layers do interact with each other at Tϭ0 K, they are still able to respond independently to an external electric field; this is the intermediate coupling regime. For ⌳р12, the electric dipoles in a given KNO layer interact so strongly with those in a neighboring KNO layer that the system as a whole responds as a single structure under an external applied field. Indeed, in this regime when we tried to force the polarization in the modulation direction, P z , in the two KNO layers to be antiparallel to each other the system was unstable, with one of the layers spontaneously reversing; this is the strong-coupling regime.
To investigate the phase behavior of these superlattices, we have used MD to heat them through the ferroelectric phase transitions into the paraelectric phase. Figure 1 shows the temperature dependence of the lattice parameter in the z direction, averaged over both the KNO and KTO layers, c, as a function of temperature for modulation lengths from ⌳ ϭ2 to ⌳ϭ30; also shown for later reference is the behavior for a random solid solution ͑SS͒ of composition KNb 0.5 Ta 0.5 O 3 ͑open diamonds͒. Considering first the longest modulation lengths ͑i.e., in the weak coupling regime͒, ⌳ϭ24 and ⌳ϭ30, we see that c initially increases approximately linearly with temperature reflecting the thermal expansion of the KNO and KTO in the rhombohedral and paraelectric phases. At Tϳ475 K ͑⌳ϭ24͒ and Tϳ525 K ͑⌳ϭ30͒, c decreases dramatically, indicating that the system undergoes a structural transition.
In the intermediate coupling regime, 12р⌳Ͻ24, c is initially almost temperature independent ͑⌳ϭ12, 18͒, and again decreases significantly as the superlattice goes through a structural transition. In the strong coupling regime, ⌳ Ͻ12, c decreases essentially continuously with temperature until Tϳ300 K, at which point it begins to increase again, presumably reflecting the normal thermal expansion of a higher temperature phase. While the temperature dependences of c for ⌳ϭ4 and ⌳ϭ6 are essentially identical, for ⌳ϭ2 c decreases almost linearly with temperature. Interestingly, however, it also only begins to increase again above Tϭ300 K. The above data strongly suggest the presence of a structural phase transition with a transition temperature that increases with increasing ⌳.
Although perfect-crystal KTO does not show any phase transitions with increasing temperatures, the KTO layers are also affected by the phase transition in the KNO layers, as can be seen from temperature dependence of the spatial variation of c ͑see ͑just above the transition͒ there is a significant decrease in the interplanar spacing at the center of the KNO layer. This is accompanied by a somewhat smaller decrease in the interplanar spacing in the KTO layers. This reduction in the interplanar spacing in the interior of the KTO layers arises from the elimination of the z component of electric field within the KTO layers induced from the polarization in the KNO layers ͑see Fig. 3 , below͒. The increase in the interplanar spacing above the transition is due to thermal expansion of the KTO layers.
The nature of the structural transitions in Figs. 1 and 2 is made clear by Fig. 3 , which shows the evolution of the polarization in the modulation direction, P z , over the same temperature range. Most importantly, in all cases the transition is from a finite value of P z to P z ϭ0. The transition in P z takes place over a narrower temperature range than the transition in c, making it easier to identify the transition temperature. Moreover, it is evident from Fig. 3 that there is a monotonic decrease in the transition temperature, T C , with decreasing modulation length down to ⌳ϭ12, below which it is essentially independent of modulation length.
In the zero-temperature studies of these superlattices 5, 6 we found that the P z in the KTO layers is determined by the internal electric fields set up by the polarized KNO layers. As a consequence, even for rather large layer thicknesses, the KTO layers are quite strongly polarized. That this remains true at elevated temperatures is illustrated by Fig. 4 which compares the polarization profile through the ⌳ϭ12 superlattice at Tϭ0 K and Tϭ300 K ͑just below T C ͒. We see that at 300 K, P z is still modulated through the superlattice, with the polarization of the KTO, while smaller than that of the KNO layer, still being ϳ12 C/cm 2 . Indeed, it appears that P z in the KTO layers does not become zero until the phase transition takes place in KNO, a result that is consistent with the polarization of the KTO layers being determined by the polarization of the KNO layers.
We can understand the strong temperature dependence of this phase transition in terms of the dynamical behavior of the electric dipoles. At Tϭ0 K all of the electric dipoles within a single KNO layer are aligned; moreover, depending on the value of ⌳, these dipoles may interact with those in other nearby KNO layers. As the temperature increases, the electric dipoles in any given layer begin to fluctuate in direction and magnitude. For large values of ⌳, the KNO layers are so thick that all the dipoles except those very close to the KNO/KTO interface interact only with dipoles within the same layer; the behavior of these layers is thus similar to that of bulk KNO. As ⌳ is decreases a larger fraction of the FIG. 2. Spatial dependence of the lattice parameter in the modulation direction, c, for ⌳ϭ18 for Tϭ300, 400, and 500 K, which are below, very close to and above the transition temperature, respectively. The KNO layers extend from zϭ1 to zϭ9 and zϭ19 to zϭ27. dipoles within any KNO layer interacts with the neighboring paraelectric KTO layers, thereby decreasing the transition temperature. However, for very small values of ⌳, the KNO layers are so close to each other that the dipoles in different KNO layers interact with each other so strongly that the multilayer behaves essentially as a single artificial ferroelectric structure, with properties that are temperature independent.
From the above analyses we can describe a rather simple picture of the time-average behavior of the superlattices in the modulation direction: namely a transition takes place from a polarized to an unpolarized state with a well-defined transition temperature that decreases with decreasing modulation length.
B. Dynamical behavior in the modulation direction
The above simple picture of the time-averaged behavior in the modulation direction is not the whole story, however. At finite temperatures, P z fluctuates significantly with time; indeed, this dynamical behavior can provide important insights into the nature of ferroelectricity in the system. Consistent with experiment, 11 in our earlier simulations we found that single-crystal KNO displays order-disorder behavior. 12 Order-disorder behavior is characterized by the ions hardly ever being at their crystal symmetry points; indeed, even in the cubic paraelectric phase, each unit cell within the crystal is almost always polarized in one of the eight crystallographically equivalent ͗111͘ directions. It is only when a spatial or time average is taken that the polarization of the paraelectric phase of a perfect crystal in an order-disorder system is zero. By contrast, perfect-crystal, cubic KTO displays displacive behavior in that the ions vibrate about the crystal symmetry; thus the most frequent instantaneous value of polarization is Pϭ0.
In our previous simulation studies of solid solutions, we found that the dynamical behavior is well characterized by a polarization distribution function ͑PDF͒, 8 which shows the normalized distribution in the instantaneous polarization of each unit cell, summed over all cells and averaged over all times. For a perfect crystal of KNO in the paraelectric phase, the PDF for any component of the polarization, while symmetric about Pϭ0, is bimodal with peaks at some finite polarization Ϯ P 0 . By contrast, the displacive behavior of KTO is characterized by a unimodal PDF peaked at Pϭ0.
To explore the dynamical behavior in the superlattices, we have determined the PDFs of the z component of polarization in the KNO and KTO layers. Figure 5 shows the PDFs separately for the KNO and KTO layers both above and below T C for ⌳ϭ6 ͑representative of the strongcoupling regime͒ and ⌳ϭ18 ͑representative of the intermediate-and weak-coupling regimes͒. Considering ⌳ ϭ6 first: below T C the PDFs for KNO ͑solid line͒ and KTO ͑dotted line͒ unit cells are very similar, reflecting only a very weak spatial dependence of P z through the superlattices ͑see Fig. 4 for ⌳ϭ12͒. However, the PDFs for KNO and KTO above T C are rather different from each other. Although both PDFs are extremely broad and approximately symmetric about P z ϭ0, reflecting a net zero polarization, the PDF for the KTO layer is peaked at P z ϭ0 reflecting essentially displacive behavior while the PDF for the KNO is flatter with the indication of weak peaks at P z ϭϮ20 C/cm 2 ; this is consistent with weak order-disorder-type behavior.
It is instructive to compare these PDFs to those for ⌳ ϭ18. At Tϭ300 K, just below T C , the coupling between KNO layers is much weaker than for ⌳ϭ6, reflected by the significant separation of the PDFs. That the KTO layer is much more weakly polarized than the KNO layer indicates that the behavior of the individual layers is more bulk-like than for ⌳ϭ6. The order-disorder behavior in the KNO layers above T C is clearly evident in the very strong doublepeak structure centered at P z ϭϮ30 C/cm 2 . Moreover, the displacive nature in the KTO is evident from the presence of a single peak centered around P z ϭ0. That the PDF for the KTO at 450 K for ⌳ϭ18 is actually more strongly peaked than that for ⌳ϭ6 at 350 K while the PDF of the KNO is more bimodal, is indicative of the much weaker coupling between the layers at the larger modulation length.
We find that the corresponding PDFs for values of ⌳ in the weak-coupling regime ͑⌳у24͒ are similar to that for ⌳ ϭ18. It is therefore not clear from this analysis of the dynamical behavior that there is a clear distinction between the intermediate and weak-coupling regimes. At Tϭ0 K, however, these regimes were distinguished through the strength FIG. 5. Polarization distribution functions ͑PDFs͒ for P z in the KNO ͑solid line͒ and KTO ͑dashed line͒ layers for two different modulation lengths and two different temperatures: left panels: ⌳ϭ6, Tϭ200 K and Tϭ250 K, right panels: ⌳ϭ18, Tϭ300 K and Tϭ450 K.
of the coupling between the KNO layers, mediated by the KTO layers. To examine this coupling at finite temperatures, we have calculated the time-average real-space correlations in the polarization C P ϭ͗ P z (i) P z (iϩl)͘, where P z (i) is the polarization in the ith unit-cell thick layer and ͗...͘ denotes a time average. Figures 6͑a͒ and 6͑b͒ show C P for ⌳ϭ36 and ⌳ϭ18. Two different origins for the correlation function are shown: the dark line has iϭ0 at the center of one of the KNO layers, while the lighter line has iϭ0 at the center of one of the KTO layers. For ⌳ϭ36, we see that the correlation functions decrease very rapidly. Indeed, they show that there is essentially no correlation even between P z in neighboring KNO and KTO layers. This corresponds to the weak coupling regime seen in the zero-temperature studies. By contrast, the data for ⌳ϭ18 show a correlation in the dynamical behavior of P z throughout the entire system. In particular, P z in the two KNO layers are correlated with each other, indicating the presence of an interaction between the layers. This is the intermediate coupling regime.
IV. TOWARDS A PHASE DIAGRAM FOR KNOÕKTO SUPERLATTICES
To construct a phase diagram for these superlattices, it is also necessary to characterize the in-plane behavior. However, the in-plane behavior of the superlattices is considerably more difficult to determine than the behavior in the modulation direction. As discussed above, at Tϭ0 K the magnitude of the in-plane components of polarization in the KNO layers are reduced, though still finite, because of the compressive strains of the KTO substrate. We know that at a sufficiently high temperature this in-plane polarization vanishes and the system becomes paraelectric. By performing extremely long simulations ͑much longer than required to obtain equilibrated behavior in the modulation direction͒, we have attempted to determine the transition temperature in the plane and to define the phases. While at low temperatures, it is clear that there is a significant in-plane polarization, and that at high temperatures this polarization becomes zero, the transition temperature is much harder to determine because of these extremely slow in-plane dynamics. Despite the difficulty in precisely determining the in-plane transition temperature, we find that it is ϳ300-400 K for all modulation lengths. Moreover, we do not see evidence for any systematic dependence on the modulation length. Interestingly, simulations of a KNO perfect crystal under these strain conditions gave rather similar in-plane kinetics, indicating that this is not an effect particular to superlattices.
We can speculate as to why the in-plane behavior is so much more difficult to characterize than the behavior in the modulation direction. The presence of the KTO substrate has the effect of placing the KNO layer under a compressive strain and suppressing the in-plane fluctuations in the lattice parameter. The effect of strain is very important since the cubic symmetry of the substrate is not consistent with the crystal symmetry of all the bulk phases of KNO. While not strictly cubic, the crystallographic angle in the rhombohedral phase of KNO is so close to 90°that from a crystallographic ͑though not from an electric-dipole͒ point of view it is almost cubic. By contrast, the symmetry of the KTO substrate is incompatible with the orthorhombic phase. The tetragonal phases and cubic phase of KNO are, of course, consistent with the substrate symmetry. Given the strong coupling between strain and polarization through the piezoelectric effect, it would not be unreasonable that the suppression of strain fluctuations could lead to both a significant slowing down in the kinetics in the system and to a change from first-order to second-order kinetics. Finally, the slow kinetics in the plane could arise from an attempt by the system to form domains in the in-plane behavior, frustrated by the relatively small system sizes simulated. Fortunately, these uncertainties do not hamper our ability to determine the behavior in the modulation direction, because the polarizations in the modulation direction and the in-plane are essentially independent of each other.
We have also examined the dynamics of the in-plane behavior. Figure 7 shows the time evolution of P x in the KNO and KTO layers of the ⌳ϭ18 superlattice at Tϭ350 K FIG. 6. Real-space correlation in the polarization, C P ϭ͗P z (i) P z (iϩl)͘, as a function of spacing between separation, i, along the modulation direction just above T C for ͑a͒ ⌳ϭ36 at Tϭ650 K and ͑b͒ ⌳ϭ18 at Tϭ450 K. Here iϭ0 is a unit-cell thick slice at the center of one of the KNO layers ͑dark line͒ or one of the KTO layers ͑light line͒.
͑i.e., in the tetragonal phase͒. While the time average of P x is zero for both the KNO and KTO layers, their dynamics are completely different from each other. We see from Fig. 7͑a͒ that in the KNO layers the absolute magnitude of P x ͑and P y , not shown͒ is typically ϳ20 C/cm 2 , but changes sign every few picoseconds; this is characteristic of orderdisorder behavior in the in-plane dynamics. By contrast in the KTO layer, Fig. 7͑b͒ , P x fluctuates about zero, characteristic of displacive behavior. P z , by contrast ͑not shown͒, for both the KNO and KTO fluctuates around large finite values, reflecting the rather narrow PDF seen in Fig. 5 . When the system is cubic, the dynamics in P z are similar to that shown in Fig. 7 for P x , demonstrating the order-disorder and displacive nature of the dynamics in the KNO and KTO layers.
We can compile our results on the phase transitions in the modulation direction ͑Figs. 1 and 3͒ and in the plane into a phase diagram for these superlattices. While the dependence of T C in the modulation direction is essentially monotonic, we note that the linear increase in transition temperature with increasing modulation length ͑see Fig. 3͒ cannot continue indefinitely. We find that T C for a perfect crystal on a KTO substrate is ϳ900 K, providing the large ⌳ limit of the T C vs ⌳ curve in Fig. 8 . Rather than a single curve for the dependence of the in-plane transition temperature, we can only identify a broad ''instability region.'' From the resulting phase diagram we can identify three different phases for these superlattices. At low temperatures, the superlattices display a pseudo-rhombohedral polarization arising from the modification of the low-temperature rhombohedral phase of KNO by the substrate strain. At sufficiently high temperatures, the superlattice is para-electric. The intermediate temperature regime is the most interesting and the hardest to determine. For larger values of ⌳, the in-plane transition clearly takes place at a lower temperature than the transition in the modulation direction, creating a tetragonal phase. At lower modulation lengths, however, because the two transition temperatures seem to be approximately the same, we cannot fully determine the phase diagram. If the transition temperature in the plane were to be lower than the transition temperature out of the plane for some values of ⌳, this would result in the presence of an additional phase of orthorhombic symmetry with an in-plane polarization; clearly, however, our data do not allow us to state whether such a phase does indeed exist or not.
As briefly discussed in the Introduction, the KNO/KTO system has been studied experimentally. In particular the temperature dependence of T C has been inferred from x-ray data. 3 Our simulations are consistent with these experiments in seeing an essentially linear decrease in transition temperature down to ⌳ϭ12, below which it is ⌳ independent. The transition temperatures seen experimentally are, however, systematically higher by ϳ150 K. The other key experimental observation was that the transition temperature in the ⌳-independent region is essentially the same as that of the solid solution, we find that they differ in the simulation by ϳ125 K. This suggests that the equality of these two temperatures in the experiments may be fortuitous rather than being a reflection of any fundamental ferroelectric property.
A comparison of the transition temperature of the superlattices with that of a random solid solution of KNb 0.5 Ta 0.5 O 3 ͑KTN͒ provides insight into the importance of the dimensionality of the chemical modulation and the effects of chemical disorder in modulated structures. While the random solid solution ͑modulated in three dimensions and chemically disordered͒ may be considered to be one extreme, the ⌳ϭ2 superlattice ͑modulated in one dimension and chemically ordered͒ may be considered the other extreme. The star in Fig. 7 shows that T C for KTN is ϳ425 K, compared with 300 K for the ⌳ϭ2 superlattice. To determine if the dimensionality of the modulation or the chemical disorder dominates this difference, we have also simulated an ordered solid solution, which combines the chemical order of the superlattices with the three-dimensional modulation of the random solid solution. The transition temperature for the ordered solid solution is ϳ350 K. Thus it appears that the dimensionality of the modulation and the presence or absence of chemical order in the modulated directions are approximately equal in importance in determining the transition temperature.
V. CONCLUDING REMARKS
The properties of the heterostructures studied here are controlled by interactions among strain, temperature and modulation of both chemical composition and ferroelectric properties. Since such interaction can be expected in other ferroelectric-based materials it is worthwhile to briefly summarize their basic features.
Because the superlattices investigated here are completely coherent, there is a significant amount of the in-plane stress and misfit strain. Such stresses can have significant effects on the properties of thin films and heterostructures. 13 As we have seen, and has been pointed out in other theoretical investigations, 14 the symmetry of the substrate can place limits on the allowed symmetries of the ferroelectric phases. Also, because of the strong coupling between strain and ferroelectric properties, the suppression of local strain fluctuations in the plane may have important consequences for both the kinetics of in-plane transitions and on their thermodynamic order. 14 The role of temperature is to produce fluctuations in both the magnitude and orientation of the local dipoles, resulting in a decrease in the strength of the ferroelectric interactions in the system. By decreasing the density of the system, the thermal expansion further weakens these interactions.
Different structures of the same composition can have significantly different properties because the intrinsic magnitude of the electric dipole is not fixed but is strongly dependent on the local environment; for example, the spontaneous polarization of a single unit cell of KNO surrounded by KTO is very small compared to that of a unit cell of KNO surrounded by KNO. Thus the nature of the chemical modulation ͑periodic over a characteristic length scale, random or chemically clustering͒ as well as the dimensionality of the chemical modulation ͑1d vs 2d vs 3d͒ can significantly affect the ferroelectric properties.
Finally, our studies of superlattices have not allowed us to investigate by any means all of the interactions that can be expected to be important in the properties of ferroelectric materials and ferroelectric nanostructures. For example, every structure is delimited by free surfaces, the effects of which have not been explored here. Moreover, structural disorder as would be present in the grain boundaries of a polycrystalline material or at an incoherent interface can also be expected to strongly couple to the ferroelectric properties.
